We investigated the microstructure of a hydrogen-storage (La 0:8 Mg 0:2 )Ni 3:5 alloy with block-stacking superstructures by electron diffraction and Z-contrast scanning transmission electron microscopy (STEM), particularly focusing on the type of stacking fault structures and possible occurrence of novel structural variants. It was found that two major phases coexist in the alloy, which are of 5:19-2H type and 5:19-3R type superstructures that are constructed by the common structural blocks but with different stacking sequences. A high density of stacking faults were often observed, most of which were of inter-block-layer type that does not change the intra-block structure but simply alters local stacking sequence of the blocks. As a minor phase in the alloy, we identified a novel polytype structure represented as 5:19-12R, whose long-period block-stacking sequence is described as ABCA 0 CABC 0 BCAB 0 .
Introduction
LaNi m (3 m 4) alloys with various block-stacking superstructures have attracted a lot of attentions as hydrogen storage materials. Especially, (La,Mg)Ni m alloys are reported as new candidates for hydrogen storage materials, because of their comparatively high hydrogen storage capacity ($2:0 mass%) and moderate hydrogen equilibrium pressure (<1 MPa) at room temperature. [1] [2] [3] [4] [5] The block-stacking superstructures are constructed by stacking of the ''structural blocks'', which are composed of Haucke-unit (RETM 5 ) (RE = rear earth, TM = 3d transition metal) and Laves-unit (RE 2 TM 4 ) with their unit ratio of n : 1 (n ¼ 1; 2; 3; . . .). In addition to the n variations, the stacking variants of the given n block-structure will cause long-period structural variations represented as H-and R-types, which refers hexagonal and rhombohedral lattices, respectively. It was reported that the R-type superstructure with the n ¼ 1 block (PuNi 3 -type) is formed in the (RE 0:33 Mg 0:67 )Ni 3 alloys (RE ¼ La, Ce, Pr, Nd, Sm, and Gd), 6) for which m ¼ 3. Therefore, the structure is represented as 1:3R (rhombohedral, n ¼ 1, m ¼ 3). It should be noted here that, for the case of ideal stoichiometry, the values m and n should have one-to-one correspondence; ðm; nÞ ¼ ð3; 1Þ; ð3:5; 2Þ; ð3:8; 3Þ; . . . ; ðð5n þ 4Þ=ðn þ 2Þ; nÞ. 7) However, (La,Mg)Ni m based alloys are able to form several types of the block-stacking phases even at non-stoichiometry conditions, and hence a number of the phases often coexist within the alloys (that is, discrepancies occur between m and n). To date, crystal structures and phase stabilities of (La,Mg)Ni m based alloys have been widely studied, and some of the representative findings are in the following. 8) These block-stacking superstructures were originally identified for RE-Co alloys. 7) It is noteworthy that all of the above structures can be regarded as either hexagonal of AB 0 stacking sequences or rhombohedral of ABC stacking sequences. According to the Ramsdell notation, these are denoted as 2H and 3R, respectively. 9) For Sm-Ni alloys, Takeda et al. reported a same series of block-stacking superstructures including those of longer stacking periods; 2H, 3R, 4H, 6H, 9R, 12R, 15R, and 18R. 10, 11) Here, successful identifications of these long-period structures can be attributed to an effective use of electron diffraction and high-resolution electron microscopy, by which we can obtain structural information even from a minor phase in the alloy. With this in mind, we expect for the (La,Mg)Ni m based alloys that there may occur several structural variants as minor phases in addition to the 2H-and 3R-types, since most of the structural identifications for the alloys have been made through powder X-ray diffraction analyses.
In the present paper, we investigate the structure of a (La 0:8 Mg 0:2 )Ni 3:5 compound based on electron diffraction and atomic-resolution high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM), which provides a significant atomic-number (Z) dependent contrast (Z-contrast 12) ) and is quite powerful for a local structural analysis of complex compounds. [13] [14] [15] As will be described in the present paper, we have identified the phases formed in the present alloy are mostly of 5:19-type (m ¼ 3:8), despite the fact that the composition (La 0:8 Mg 0:2 )Ni 3:5 (m ¼ 3:5) gives an ideal value to form 2:7-type phases.
Experimental
A (La 0:8 Mg 0:2 )Ni 3:5 alloy was prepared by induction melting of pure metals La (99.9 mass%), Mg(99.9 mass%), and Ni(99.9 mass%) under purified Ar atmosphere in a boron nitride (BN) crucible. The ingots were crushed, and some pieces of the ingots were wrapped in tantalum film, and then encapsulated in quartz tubes filled with purified Ar gas. The encapsulated alloy was annealed at 1223 K for 5 h, followed by quenching to room temperature. Specimens for TEM observations were prepared by crushing the alloy into powders in ethanol and dispersed on amorphous carbon thin film supported by Cu grids. Electron diffraction patterns were 3,4) As described in the introduction, the former part, 5:19 (m ¼ 3:8), represent the ideal stoichiometry of the compound with a given n value, and the latter part, R, denotes the fundamental lattice of the structure. Since possible H and R lattices are not limited to 2H (AB 0 . . . sequence) and 3R (ABC. . . sequence) types, a full representation of the structure should be 5:19-2H and 5:19-3R, respectively. Hereafter, we denote the structure types according to this manner. During electron microscope observations of the present (La 0:8 Mg 0:2 )Ni 3:5 alloy annealed at 1223 K, most of the grains were identified as 5:19-2H type ( Fig. 1(a) ), and the occurrence of 5:19-3R type ( Fig. 1(b) ) was found to be rather less frequent, although we cannot evaluate their volume fractions quantitatively. Note that these For the present alloy, we often observed the SAED pattern with strong diffuse streaks along c Ã -direction, as shown in Fig. 1(c) . These streaks indicate an existence of stacking faults in the structure. In order to investigate details of fault structures, we performed atomic-resolution HAADF-STEM observations, and the images taken with the SAED pattern of , it is recognized that the weak Z-contrast layers correspond to the Laves-units within the block structure. This is also shown by the averaged intensity profile of Fig. 2(e) , in which we find that the intensity of the RE-containing layer at Laves-unit (black arrowheads) is significantly lower than that at Haucke-unit (white arrowheads). The intensity difference between the units can be explained fairly well by assuming that almost all Mg atoms are located only at the Laves-unit to form a local (LaMg)Ni 4 unit, which is similar to that reported in the (La 0:8 Mg 0:2 )Ni 3:8 alloy.
3) Z-contrast intensity simulated based on the (LaMg)Ni 4 unit (Figs. 2(c) and (d)) reproduces fairy well the observed intensity of the La-containing layer at Haucke-unit and that of the (La,Mg)-containing layer at Laves-unit; compare the peaks indicated by black and white arrowheads in Figs. 2(d) and (e). As for the atomic substitution, it may be intuitively presumed that Mg atoms hardly substitute the La site due to an atomic size difference (the twelvefold atomic radius: La (0.188 nm), Mg (0.16 nm) and Ni (0.125 nm)). However, when a half of the La sites are substituted by Mg, the average atomic radius ratio of (La 0:5 Mg 0:5 )/Ni becomes $1:39, providing a closer value to the ideal ratio to form Laves phase ( ffiffiffiffiffiffiffi ffi 3=2 p % 1:23). It should be noted that the atomic size ratio of La/Ni is $1:50, which is already close to the ideal value to form the Haucke phase (1.50). Therefore, Mg atoms hardly substitute the La site within the LaNi 5 -unit, and consequently the present alloy may form a robust chemical order in accordance with the LaNi 5 (Haucke-unit) and (LaMg)Ni 4 (Laves-unit). Here, though, it should be noted that the intensities at Ni-layers also significantly differ between the units in the observed profiles, as indicated by small arrows (black and red) in Fig. 2(e) ; the Ni-layer peaks in the Laves-unit appear to be weak compared with those in the corresponding simulated profiles. This indicates that some deficiency occur at the corresponding Ni layers in the Laves-unit, although a quantitative comparison between the Ni-layer intensities is difficult due to the limit of the present STEM (e.g., the Ni-layer peaks at Haucke-unit are Fig. 2(e) ). A local Ni-deficiency in the present compound will again be discussed later in terms of an off-stoichiometry effect.
As for the block-stacking superstructures, two types of stacking faults can be considered, which are referred to as ''intra-block-layer'' type and ''inter-block-layer'' type. 17) Intra-block-layer type changes the structure of local units within the block, providing a local fault that differs in the number of Haucke-unit (n) within the blocks. This is similar to a manner of intergrowth. On the other hand, inter-blocklayer type simply alters a local stacking sequence of the blocks. It is worth mentioning here that the intra-type faults cause a local composition difference, while the inter-type faults does not. In the present (La 0:8 Mg 0:2 )Ni 3:5 alloy, these two types of stacking faults indeed occurred; though, their frequencies are significantly different. Intra-type stacking faults are recognized at the regions indicated by the numbers (2 or 4) in Fig. 2(a) , where the number represent a local number of Haucke-unit (n) within the blocks. Here, n should be 3 in the 5:19-type phase, and the n values of 2 and 4 correspond to 2:7-and 1:4-blocks, respectively. It is evident from Fig. 2(a) that the occurrence of intra-type stacking faults is rare for the present (La 0:8 Mg 0:2 )Ni 3:5 alloy, in spite of its off-stoichiometry condition to form 5:19-type phases.
In order to evaluate detailed distributions of inter-type stacking faults in Fig. 2(a) , we introduce notations for a stacking position of the block (extended Komura's notation); X and X 0 (X ¼ A, B, and C). By using these notations of X and X 0 , block-stacking variant can be expressed in a similar manner to that used for the Laves phase structures. 18) Because the possible block-stacking sequences are determined by the position of Laves-unit within each of the block (not related to Haucke-unit); e.g., a continuous stacking next to A-layer is only possible at B-or B 0 -layers, and the possible stacking next to A 0 -layer is C-or C 0 -layers. Accordingly, we can uniquely describe block-stacking sequences as follows; 2H (AB 0 ), 3R (ABC), 4H (ABC 0 B 0 ), 9R (ABC 0 BCA 0 CAB 0 ), and 12R (ABCA 0 CABC 0 BCAB 0 ). These stacking sequences can also be expressed by Zhdanov symbols; 19) ð1 " 1 1Þ, ð1Þ 3 , ð2 " 2 2Þ, ð2 " 1 1Þ 3 , and ð3 " 1 1Þ 3 , respectively. Note that extended Komura's notation can be applied to all of the block-stacking superstructures with stacking ratio of n : 1. In order to elucidate the detail distributions of inter-block-layer faults, we directly determined the stacking sequence across 57-blocks in the image of Fig. 2(a) . As a result, we obtain the following stacking sequence represented according to Zhdanov symbols; ð1 " 1 1Þ 5 ð2 " 1 1Þð1 " 1 1Þ 2 ð2 " 1 1Þð2 " 1 1Þð1 " 1 1Þ 3 ð " 1 1Þð2 " 1 1Þð3 " 1 1Þð1 " 1 1Þð3 " 1 1Þð1 " 1 1Þð2 " 1 1Þð3 " 1 1Þ-ð1 " 1 1Þð2 " 1 1Þ, where underlines stand for the positions of inter- block-layer faults. It is found that there occur mainly two types of faults; type I : ð2 " 1 1Þ and type II : ð3 " 1 1Þ, which are shown in Fig. 2(a) . Here, we note in particular that the stacking sequences of type I and type II coincide with local sequences of 9R-and 12R-polytypes, respectively. On this regard, isolated single stacking faults are hardly recognized in Figs. 2(a) and (b) ; only the one block marked by star corresponds to the single stacking fault. Formations of these complex stacking faults may imply possible occurrence of long-period 9R-and 12R-type block-stacking superstructures. As described in the next section, we have in fact identified a local trace of 5:19-12R-polytype structure within the present (La 0:8 Mg 0:2 )Ni 3:5 alloy.
Despite the fact that the present (La 0:8 Mg 0:2 )Ni 3:5 alloy is off-stoichiometry condition to form the 5:19-type phases, a local chemical order appears to be fairly robust in accordance with the LaNi 5 -unit and (LaMg)Ni 4 -unit. Here we consider the off-stoichiometry effect. When the composition is deviated from the stoichiometry, the block-stacking structures with different block-types are expected to occur frequently at local area in order to tune the global composition, giving rise to intra-block-layer type faults (note again that these faults are of ''intergrowth'' type). In fact, an incommensurate structure due to the mixture of two block-types, n ¼ 5 and 6, appears in (La 0:8 Mg 0:2 )-(Ni 3:4Ài -Co 0:3 (AlMn) i ) (0 < i < 0:4) alloys with the off-stoichiometry compositions (m ¼ 3:7). 20) However, intra-block-layer faults are found to be quite rare for the present offstoichiometric (La 0:8 Mg 0:2 )Ni 3:5 alloy; instead, the interblock-layer type faults, which do not change the local composition, are frequently observed (Fig. 2(a) ). Concerning that formation of 5:19-type phases with m ¼ 3:5, there intrinsically occurs point defects at Ni site to account for the Ni-deficiency. With a notion of Ni-deficiency as , the composition of the present alloy is written as (La 0:8 Mg 0:2 )-Ni 3:8À with ¼ 0:3, which can be rewritten as (LaNi 5À 0 ) 3 -((LaMg)Ni 4À 00 ) where 0 and 00 represent the Ni-deficiency at LaNi 5 -unit and at (LaMg)Ni 4 -unit, respectively. It should be reminded here that, as described earlier, there indeed observed weak Z-contrast intensity at the Ni-layers in the Laves-unit (Fig. 2(e) ), implying that 00 is larger than 0 . That is, within the present off-stoichiometric (La 0:8 Mg 0:2 )Ni 3:5 block-stacking compound, the intrinsic Ni-deficiency is likely to be compensated at Laves-unit rather than Hauckeunit by accepting local off-stoichiometry conditions. It is also an interesting aspect to note that the Ni-deficiency layers are 'shared' by the Haucke-and Laves units (see Fig. 2 
5:19-12R-polytype
During the observation, we found a local trace of a novel structural polytype that should belong to a series of blockstacking superstructures. Figure 3(a) shows the corresponding SAED pattern taken along the [100] axis. Comparing with the SAED pattern of 5:19-3R type ( Fig. 1(b) ), one notices that extra spots appear along c Ã -direction between the fundamental reflections. In the zone axis illumination, 00; l systematic reflections may be affected by multiple scatterings of electrons, and hence we analyzed the 0 " 2 2; l systematic reflections to determine the structure. Fig. 3(a) . In particular, as shown in Fig. 3(d) , calculated 0 " 2 2; l systematic reflections reproduce fairly well the observed 0 " 2 2; l intensity distributions. To confirm further a validity of the 5:19-12R type structure, we obtained atomic-resolution HAADF-STEM image with the diffraction pattern of Fig. 3(a) . As evidently seen in Fig. 4 , the block-stacking sequence is determined to be ABCA 0 CABC 0 BCAB 0 without any ambiguities along the c unit length of about 19.4 nm. It should be noted that, judging from the Z-contrast intensity, Mg atoms are mostly located at Laves-unit, as in the same manner those observed for the local 5:19-2H or 5:19-3R type structures (Figs. 2) . This result indicates that the distributions of La and Mg atoms within the block are almost identical between the 5:19-2H, 5:19-3R and 5:19-12R type phases.
As described earlier, the stacking sequences of blockstacking superstructures are determined by the Laves-unit within each of the block. For the Laves phases, rich variations of polytypes such as 6H, 8H, 9R, 10H, 14H, 16H, and 21R were reported, 21) reminding us that more variations are also possible for the block-stacking superstructures in the LaNi m base alloys.
Conclusion
We have investigated the microstructure of a hydrogenstorage (La 0:8 Mg 0:2 )Ni 3:5 alloy annealed at 1223 K using electron diffraction and atomic resolution Z-contrast STEM. The main results are summarized as follows. Fig. 2(b) ) taken from the diffraction pattern of Fig. 3(a) . 
